composition. A conventional standard carbon isotope analysis without preconcentration is usually applied to more than 50 nmol CH 4 , which is equal to the CH 4 content in 1 ml of a 1000 ppm sample. In addition, reliable carbon-isotope data of CO, whose content in high-temperature volcanic gas is usually higher than that of CH 4 , are also few, due to the oxidation of CO during storage of the gas sample after collection.
In this study, a preconcentration system attached to a GC/C/MS (gas chromatography/combustion/mass spectrometer) was developed in order to analyze the carbonisotope composition of CH 4 with extremely low content and CO in volcanic gases. Figure 1 shows the conventional analytical system for carbon-isotope measurements. It basically comprises two parts: a gas-injection line and GC/C/MS. With the aim to analyze gas samples with an extremely low content in CH 4 , a cryofocusing unit as a preconcentration trap was newly added between the gas-injection line and GC/C/MS, together with a Porapak-Q trap on the sample loop (Fig. 2) .
Experimental

Gas-injection line
The gas-injection line comprises an evacuation line with pressure gauges and a rotary pump, and a sample loop with a six-port valve, attached to the GC/C/MS. The sample gas is expanded to the previously evacuated line and, by switching a six-port valve, the volume of the analyzed gas is selected (0.1 ml, 0.5 ml or 1 ml).
The total amount of the sample gas introduced into GC/C/MS with helium gas flow as a carrier is estimated from the gas pressure and the sample loop volume. 4 If the concentration of CH 4 in the sample is lower than 1000 ppm, a preconcentration method is applied. Figure 2 shows a preconcentration apparatus consisting of a Porapak-Q trap placed in the sample loop and a cryofocusing unit between the gas-injection line and GC/C/MS. A similar preconcentration procedure using a cryofocusing unit has been developed in order to concentrate dissolved CH 4 in sediments and nearshore water samples. 7 In our system, a Porapak-Q trap selectively absorbs CH 4 from a large volume of gas sample with very low CH 4 .
Preconcentration method for CH
CH 4 in the sample gas is collected by a Porapak-Q trap (about 0.5 ml), which is cooled at liquid-nitrogen temperature for 3 min. After CH 4 is transferred to a cryofocusing unit (0.03 ml of Porapak-Q segment) cooled at liquid-nitrogen temperature, CH 4 is desorbed from a cryofocusing unit by heating at 200˚C and introduced into a GC column. In this system, a small part of CO and N 2 is also concentrated.
GC/C/MS
The GC/C/MS is a commercial MAT delta-S system manufactured by Finnigan MAT Instrument Inc. The GC is a flow-through system based on capillary chromatography with a PoraPLOT-Q capillary column (25 m×0.32 mm i.d.; Chrompack Inc.) that uses helium as a carrier gas. The eluting condition depends on the preconcentration. For a gas sample with a sufficient amount of CH 4 , the GC is operated with a constant column temperature of 20˚C and with a retention time of 210 s for N 2 , 215 s for CO, 240 s for CH 4 , 320 s for CO 2 , 500 s for C 2 H 4 and 680 s for C 2 H 6 , respectively. In the case of a low concentration of CH 4 , N 2 and CO can be partially concentrated in the preconcentration trap accompanied with the inconvenience that the CO peak overlaps the tails of the N 2 and/or CH 4 peaks. In order to obtain a good separation of these species, the sample gas is introduced into the column at -80˚C, and is left as it is for 15 min. Then, the column is heated up to 50˚C at a rate of 10˚C/min, and is kept at a constant temperature of 50˚C. Under this condition, each gas component is separated with a retention time of 210 s for N 2 , 240 s for CO, 1100 s for CH 4 , 1600 s for CO 2 , 1800 s for C 2 H 4 and 1900 s for C 2 H 6 , respectively.
The separated CO and hydrocarbons are combusted to CO 2 and H 2 O by a reaction with a CuO-Pt in a furnace at 850˚C. The H 2 O is then removed selectively by using a semipermeable membrane water separator, and only CO 2 is introduced into the ion source of the mass spectrometer with tripple collectors for masses 44,45 and 46 along with the carrier helium.
The contents of CO, CH 4 and other hydrocarbons are determined using integrated counts of mass 44 peak of CO 2 in mass spectroscopy, which is obtained up on the combustion of each carbon species separated by gas chromatography. The 13 C/ 12 C ratio of each carbon species is determined by using a standard method for carbon isotope analysis, and is expressed in terms of δ notation, as defined by
Here, PDB (Belemnite of the Peedee formation) is an international reference standard of carbon isotopes. A bomb CO 2 (δ 13 C=-30.1‰ relative to PDB standard) was used as the working standard in this study. In this measurement, analytical uncertainty is usually shown in terms of the reproducibility of analyses of the same sample, since an error associated with one analysis is not easy to estimate. It must be mentioned that our method is rapid, taking 40 min for each analysis, including the preconcentration procedure.
Results and Discussion
Evaluation of preconcentration method
The carbon isotope compositions of 8 -1000 nmol CH 4 prepared with the standard gas (CH 4 0.8%, N 2 99.2%) were measured using a standard method without preconcentration. In order to evaluate the preconcentration method, a small quantity of the same gas was also analyzed using our developed method. Figure 3 summarizes all of the δ 13 C data. When all of the results without preconcentration were classified into two groups based on the amount of CH 4 injection (8 -150 nmol and 150 -1000 nmol groups), the mean values of 13 C (-65.25‰ for 8 -150 nmol group and -65.74‰ for 150 -1000 nmol group) did not change between the two groups. However, the standard deviation in the 8 -150 nmol group (0.82‰) was significantly larger than that in the 150 -1000 nmol group (0.24‰). Our measured mean values are in good agreement with the δ 13 C value (-65.40‰) using a reference standard sample whose δ 13 C was previously determined at Ocean Research Institute, the University of Tokyo, by a conventional off-line method.
When the preconcentration method was adopted to the determination of the carbon-isotope ratio of 30 -150 nmol CH 4 , the mean value of δ 13 C (-65.30‰) was identical to that (-65.22‰) of the same CH 4 content range without preconcentration, and the standard deviation (0.19‰) was significantly smaller than that (0.51‰) obtained for the same CH 4 content without preconcentration. This means that our preconcentration procedures do not result in any mass-fractionation effects, thus giving a better precision for the same amount of sample.
In order to check the applicability of this preconcentration method to samples with an extremely low CH 4 content, we carried out δ 13 C measurements in more diluted gas samples (A: CH 4 10 ppm in N 2 balance; B: CH 4 1 ppm in N 2 balance) injecting a CH 4 content lower than 6 nmol. The results are shown in Fig. 4 . For samples with a CH 4 content of 0.7 -6 nmol, we obtained a mean δ 13 C value of -66.18‰ with a standard deviation of 1.6‰. The precision seems to be worse with decreasing the injection sample size. The analytical results do not show any systematic deviation, even at 0.7 nmol of the CH 4 content. For gas samples with a CH 4 content lower than 0.7 nmol, the mass 44 peak area is too small to calculate the δ 13 C value.
The obtained results demonstrated that our new method enables to determine carbon-isotope ratio of CH 4 using 20 ml gas sample containing 1 ppm CH 4 , while the conventional method needs 1 ml of 1000 ppm CH 4 sample. 515 ANALYTICAL SCIENCES JUNE 1999, VOL. 15 Fig. 3 Comparison of a conventional direct injection method ( ) and preconcentration method ( ) for carbon-isotope analyses of CH4. The dashed line shows the value using a reference standard determined at ORI by the conventional method (see text). Fig. 4 Carbon-isotope measurement of an extremely low amount of CH4 using a preconcentration method. : diluted standard gas A (CH4 10 ppm in N2 balance). : diluted standard gas B (CH4 1 ppm in N2 balance). The dashed line indicates the value using a reference standard determined at ORI by the conventional method (see text).
Application to high-temperature volcanic gases from Satsuma-Iwojima volcano
Satsuma-Iwojima, located about 50 km south of Kyushu, Japan, is a volcanic island which has experienced historic eruptions. 8 This volcano has been releasing high-temperature (>800˚C) volcanic gases; the very low CH 4 contents 9,10 have disallowed the determination of δ 13 C by conventional methods. Although the δ 13 C values of CO 2 were determined 11 , those of CH 4 have not yet been obtained.
We collected volcanic gases from Satsuma-Iwojima in 1994, 1996 and 1997 using a standard method. 12 A 170 ml glass bottle with a Teflon stopcock was filled with 50 ml of 5 M NaOH solution and later evacuated. A 60 cm-long quartz tube was inserted into the fumarole and connected to a sampling bottle with a flexible silicone tube. Volcanic gas was introduced from the fumarole into the evacuated bottle after carefully opening the stopcock. The major components of volcanic gas, such as CO 2 , SO 2 , H 2 S and HCl, were dissolved in the NaOH solution, while the gas phase of the bottle was filled with the non-absorbed gas, including H 2 , N 2 , CO, CH 4 , other hydrocarbons and rare gases. CH 4 was analyzed by using the pre-concentration methods explained above, while CO was analyzed without any preconcentration.
The analytical results are summarized in Table 1 . High-temperature volcanic gases reaching 900˚C contain less than 10 ppm of CH 4 . The δ 13 C could be determined for CH 4 content higher than 4 ppm. The measured δ 13 C values of CH 4 in 1994 were higher than those in 1996 and 1997, showing an overall range from -25 to -45‰, typical of geothermal CH 4 .
5 These data suggest a thermogenic origin for CH 4 via the thermal decomposition of organic matter. 13 Since the carbonisotope equilibrium temperatures between CO 2 and CO were calculated (in case of No. 6 sample, δ 13 C (CO)=-10.8‰ and δ 13 C (CO 2 )=-2.6‰ lead to 930˚C) to be similar to the outlet gas temperature, indicating that both species were of magmatic origin, the contamination of thermogenic CH 4 from the surrounding water to the volcanic gas of magmatic origin is suggested.
In conclusion, a preconcentration system attached to a GC/C/MS was developed to determine the carbon-isotope composition of CH 4 
